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MONOLITHIC MICROFLUIDIC
CONCENTRATORS AND MIXERS

This application 1s based on and claims priority of the
Provisional application Ser. No. 60/323,980, filed on Sep.

21, 2001.

This i1nvention was made 1n the course of contract
DE-ACO03-76SF00098 between the United States Depart-
ment of Energy and the University of California for the
operation of Lawrence Berkeley Laboratory. The United
States Government has certain rights to this mvention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention concerns microfluidic devices comprising,
porous monolithic polymer suitable for extraction,
preconcentration, concentration and mixing of fluids. In
particular, the invention concerns microfluidic devices com-
prising monolithic polymers prepared by in situ initiated
polymerization of monomers within microchannels of a
microfluidic device and their use for solid phase extraction,
preconcentration and mixing.

2. Background and the Related Disclosures

The 1nterest in microfabricated devices designed for
micro-total analytical systems (1-TAS) 1s growing rapidly.

A number of applications for analytical microchips 1n
arcas such as enzymatic analysis, polymerase chain reaction
(PCR), immunoassay, DNA sequencing, hybridization,
mapping, 1soelectric focusing, capillary zone
electrophoresis, as well as capillary electrochromatography
have already been reported. The first products ivolving
microfluidic chip designed for the gel electrophoretic analy-
sis of biopolymers are now commercially available, for
example, from Agilent Technologies. These products were
shown to compete successtfully with classical techniques,
such as polyacrylamide gel electrophoresis (PAGE).

Microanalytical systems with more complex architectures

have also been reported, for example, 1n Electrophoresis,
21:3931-3951 (2000); Anal. Chem., 70:232-236 (1998);

Sens. Actuat. B-Chem., 72:273-282 (2001); Anal. Chem.,
69:3646-3649 (1997), and Science, 273:205-211 (1996).

Despite the usefulness of microfluidic chips 1n a variety of
applications, some problems with their use still persist. For
example, almost all reported microfluidic chips feature open
channel architecture where the surface to volume ratio 1s
rather small. This presents a serious problem 1n applications
such as chromatographic separations, heterogenecous
catalysis, and solid phase extraction that rely on interactions
with a solid surface. Since the only solid surface within these
chips 1s the channel wall, the chip can handle only minute
amounts of compounds.

The 1ssue of surface area 1n the macroscopic devices can
be solved by packing them with porous particles that sig-
nificantly increase the available surface area and also enable
the mtroduction of specific chemaistries into the device. Early
attempts to pack a microchip channel with beads were less
successful (Anal. Meth. Instrum., 2:74 (1995)). J. Anal.
Chem., 72:585 (2000), for example, describes a device for
solid phase extraction by packing octadecyl silica beads
from a si1de channel into a specifically designed cavity of the
microchip.

A few reports have dealt with attempts to enhance the

limited surface areca in channels of a microchip without
packing. For example, J. Chromatogr, 853:257 (1999),
reports fabricated microchip channels containing arrays of
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ordered tetragonal posts. Electrokinetic preconcentration of
DNA from dilute samples using porous silicate membrane
incorporated into the microchip has also been reported.
Sclecting the pore size which permits passage of electric

current but prevents passage of large molecules has enables
their concentration (Anal. Chem., 71:1815 (1999)).

Another technique enabling an 1ncrease 1n the concentra-
fion of desired compounds involves sample stacking, a

technique successfully used in capillary electrophoresis.
(Anal. Chem., 70:1893 (1998). However, this approach is

only practical for electrodriven systems. In contrast, solid-
phase extraction (SPE) is a more general method since it
enabled handling of large sample volumes regardless of the
method used to ensure sample flow (Anal. Chem., 72:4122
(2000)).

In the early 1990s, macroscopic rigid porous monoliths
prepared 1n situ by a thermally mmitiated polymerization
process were 1ntroduced and are disclosed, for example, 1n
U.S. Pat. Nos. 5,334,310; 5,453,185 and 5,593,729. Their
use has been described 1n a number of applications including
HPLC and CEC of small molecules, chiral compounds,
proteins, peptides, and nucleic acids (Anal. Chem., 72:4614
(2000)). The monolithic technology has also been success-
fully applied to the preparation of devices for scavenging
undesired compounds from solutions and for SPE (J. Comb.
Chem., 3:216 (2001)); Chem. Mater., 10:4072 (1998)) and
ogood control over both porous properties and surface chem-
istry of the monolithic polymers was achieved.

Yet another of the persisting problems of microfluidic
chip technologies 1s also the lack of efficient mixing within
the channels. The simplest solution to the mixing problem 1is
the use of so called T-piece. For example, parallel mixing
has been demonstrated at various mixing ratios using a
series of T-intersections (Anal. Chem., 71:5165 (1999)).
However, this does not solve the problem of the lack of
turbulences and using this approach, mixing within a sub-
stantial channel length can only be achieved at low flow
velocities. An 1ncrease 1n mixing efficiency has been
observed after dividing both phases into a larger number of
small parallel channels, mixing the streams in each of these
channels, and recombining the sub-streams again into a
single channel. In this approach, enhancement of the mixing
results from the increase 1n contact area between the two

phases (Anal. Commun., 36:213 (1999)).

A somewhat similar strategy 1nvolves splitting the streams
in an array of small laminae followed by their recombination
in a triangular chamber (Sens. Actuat. B-Chem, 72:273
(2001)). A picoliter-volume mixer with a wave-like archi-
tecture that includes multiple intersecting channels of vary-
ing lengths having a bimodal width distribution was recently
introduced (Anal, Chem., 73:1942 (2001)). This approach
enhanced both lateral and longitudinal mixing and the
device performed efficiently.

Still another implementation includes a three-dimensional
serpentine microchannel design with a “C-shaped” repeating
unit fabricated in a silicon wafer (J. Microelectromechanical

Systems, 9:190 (2000)).

The manufacture of all of the micromixers discussed
above 1mvolves the use of typical microfabrication tech-
niques. Both, rather complex designs and very small
features, can easily be fabricated 1n substrates such as glass
or silicon. However, production of devices with very fine
features using polymer-based substrates and the use of
fabrication techniques such as hot embossing and 1njection
molding 1s still lagging.

Previously, these 1inventors demonstrated that the porous
properties of the monolithic polymers can be controlled
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within a broad range by pore size. However, the thermally
initiated free radical polymerization used originally was not
well suited for the preparation of monolithic structures
within microdevices since selective heating of specific areas
of the microchip to locate the monolith strictly within the
assigned space was difficult to achieve. This problem was
subsequently overcome by the development of UV 1nitiated
polymerization processes, described in FElectrophoresis,
21:120 (2000), which 1s similar to the photolithographic
patterning used 1n microelectronics. Photopolymerization
enables the formation of monoliths only within a specified
space. The polymerization reaction 1s strictly confined
within the areas exposed through a mask, while no poly-
merization occurs 1n unexposed zones.

It 1s therefore a primary objective of the current invention
to provide a microfluidic device comprising a microchannel
filled with a polymerization mixture that 1s solidified by an
in situ 1nitiated polymerization into a monolithic polymer

with a speciiic properties permitting a solid phase extraction,
concentration, preconcentration and mixing of fluids.

All patents, patent applications and publications cited
herein are hereby incorporated by reference.

SUMMARY

One aspect of the current imvention 1s a microfluidic
device for extracting, concentrating or mixing of fluids, said
device comprising a porous polymer monolith placed within
a microchannel enabling fluid flow, wherein said microchan-
nel 1s filled with a polymerization mixture that i1s solidified
by an 1n situ iitiated polymerization into a monolithic
polymer permitting solid phase extraction, concentration,
preconcentration and mixing.

Yet another aspect of the current invention 1s a microf-
luidic device for extracting, concentrating or mixing,
wherein said device comprises a porous polymer monolith
within a microchannel enabling fluid flow, wherein said
polymer monolith comprises polymerized monomer units
bearing a hydrophilic group, a precursor of a hydrophilic
ogroup, an 1onizable group, a hydrophobic group, an aflinity
ligand, or a mixture thercof, wheremn said microchannel
enabling fluid flow 1s contoured into a glass, fused silica,
quartz, or plastic 1nert substrate.

Still another aspect of the current mnvention 1s a polymer
monolith consisting of an array of interconnected microglo-
bules and pores having a pore size permitting a passage of
fluids at a variety of flow velocities.

Yet another aspect of the current invention 1s a method for
fabrication of microfluidic device comprising a channel
filled with a polymerization mixture that 1s solidified by an
in situ photoinitiated polymerization of a polymer precursor
into a monolithic polymer permitting solid phase extraction,
concentration, preconcentration and mixing.

Still yet another aspect of the current invention 1s a
method for fabricating a microfluidic device suitable for
extraction, concentration, or mixing, said method compris-
Ing steps:

(a) providing an inert solid substrate;

(b) generating a single or multiple microchannels con-

toured 1nto said solid substrate;

(¢) forming a polymerization mixture by admixing a

monovinyl monomer, a cross-linking polyvinyl
monomer, an 1nitiator, and a porogenic solvent;

(d) mtroducing the polymerization mixture into a micro-
channel within a microfluidic device; and

(e) initiating the in situ polymerization of the mixture,
thereby forming a monolithic polymer within the
microfluidic channel,
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wherein said monomer comprises a hydrophilic group or
a precursor of a hydrophilic group selected from the group
consisting of 2-hydroxyethyl methacrylate, 2-hydroxyethyl
acrylate, glycidyl methacrylate, glycidyl acrylate,
acetoxystyrene, t-butoxycarbonyloxystyrene and a combi-
nation thereof, or an 1onizable group selected from the group

consisting of an amino group, a carboxylic acid group, a
sulfonic or phosphoric acid group represented by acrylic
acid, methacrylic acid, itaconic acid, maleic anhydride,
styrene sulfonic acid, 2-acrylamido-2-methyl-3-
propanesulfonic acid, 2-(methacryloxy)ethyl phosphate,
acrylic amide of amino acid, methacrylic amide of amino
acid, 2-vinylpyridine, 4-vinylpyridine, 2-(dialkylamino)
ethyl acrylate, methacrylate 2-(dialkylamino)ethyl,
2-(morpholino)ethyl acrylate, 2-(morpholino)ethyl
methacrylate, [2-(methacryloxy)ethyltrimethylammonium
chloride, [2-(methacryloxy)ethyl]trimethylammonium
methylsulfate, and a combination thereof, or a hydrophobic
group selected from the group consisting of acrylate esters,
methacrylate esters, acrylate amides, methacrylate amides,
styrene, styrene derivatives, and a combination thereof, and
optionally, an affinity ligand selected from the group con-
sisting of polysaccharides, antibodies, enzymes, lectins,
antigens, cell surface receptors, intracellular receptors, viral
coat proteins, DNA, and a mixture thereof.

Another aspect of the current mvention 1s a method for
solid phase extraction, preconcentration and mixing of a

fluid.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1A 1s a schematic representation of a microfluidic
device showing a monolithic concentrator positioned within
a microchannel. FIG. 1B 1s a schematic representation of a
microfluidic device showing two microchannels and a mix-
ing arca of the monolithic mixer positioned withing said
device with FIG. 1C showing magnification of the mixing
arca and FIG. 1D showing placement of the photo mask over
the microchannels to achieve selective 1n situ polymeriza-
fion only 1n the mixing area.

FIG. 2 shows elution profile of Coumarin 519 from
lon-exchange concentrator. Conditions: Loading: 200 uL of
10 nmol/LL Coumarin 519, flow rate 3 ul./min. Elution: 10 s
pulses of 1.0 mol/L sodium salicylate, flow rate 203 nl./min.

FIG. 3 shows clution pattern of Coumarin 519 from
hydrophobic concentrator. Conditions: Loading: 200 ul. of
10 nmol/LL coumarin 519, flow rate 3 wul./min. Elution:
acetonitrile, flow rate 115 nL./min.

FIG. 4 shows elution of tetrapeptide labeled with Cou-
marin 519 from hydrophobic monolithic concentrator. Con-
ditions: loadmg: 200 ul. of 10 nmol/L peptide solution 1n
water, flow rate 3 ul./min. Continuous elution with aceto-
nitrile at a flow rate of 506 nL/min.

FIG. § shows elution pattern of green fluorescent protein
from hydrophobic monolithic concentrator. Conditions:
loading: 200 uL of 18.5 nmol/L protein solution 1n 8 mmol/L
TRIS-HCI buffer (pH 8) containing 0.95 mol/L. ammonium
sulfate, flow rate 3 ul /min. Elution: 1:1 acetonitrile-water at
a flow rate of 3 ul/n.

FIG. 6 shows elution profile of fluorescein isothiocyanate
modified ovalbumin from a monolithic concentrator con-
sisting of poly(glycidyl methacrylate-co-ethylene
dimethacrylate)monolith with chemically attached tannic
acid. Conditions under which sorption and elution was
performed are as follows: Sorption: 20 ul. of 0.2 ug/mL
solution of fluorescein i1sothiocyanate labeled ovalbumin in
phosphate butfer pH 7.0, flow rate of 10 ul./min. Elution: 20
ul. of aqueous sodium hydroxide solution, pH 10.
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FIG. 7 shows a length of the flow path required to achieve
complete mixing in an empty channel (-X-), and channel
containing porous polymer monoliths A (-& -), B (-A-), C
(-0-), and D (-O-). The dashed line (E_;) represents the
length calculated for an empty channel with a cross section
adjusted to 50%.

Definitions

As used herein, the term:

2 44

“Monolith”, “monolithic polymer”, “polymer monolith”
or “polymeric monolith” means a continuous porous poly-
mer structure that 1s disposed 1n the microfluidic device
across 1ts entire 1nternal cross-section area. The monolith 1s
prepared from a mixture of monomers polymerized 1n situ to
produce a single piece of a chemically cross-linked porous
polymer.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention generally relates to microfluidic
devices, polymeric monoliths, a method of fabrication of
said devices and monoliths, a method for mixing, concen-
frating or extraction of compounds. The devices and poly-
meric monoliths of the invention are suitable for preparing
and handling fluidic samples. Specifically, these devices are
useful for solid phase extraction, concentration, preconcen-
tration and mixing.

Briefly, a present device comprises one or several microt-
luidic channels contoured i1nto an inert substrate and a
monolithic porous polymer produced by polymerization 1n
situ within said microfluidic channel. By changing chemical
properties, pore size, and porosity of the polymer the control
1s achieved over the flow resistance and sorption properties
of the monolith. Different physical and chemical properties
of monoliths 1n desired areas enable the formation of
co-configuous zones ol porous materials performing or
responsible for different functions.

I. Microfluidic Devices

Microfluidic devices of the invention are structures com-
prising one or a multiplicity of microchannels contoured 1nto
a surface of a solid inert substrate wherein said
microchannel, completely or partially filled with a mono-
lithic porous polymer, enables a fluid flow through said
polymer.

The microfluidic devices are suitable for extracting, con-
centrating or mixing of fluids.

A general design of the microfluidic device of the mnven-
tion 1s 1illustrated in FIG. 1. FIG. 1A shows a device 10
containing a solid inert support 22 and a microchannel 12
containing a monolith 18. The monolith 18 may function as
a concentrator or extractor. The device further contains an
inlet 14 and outlet 16 openings for introduction and removal
of the fluid from the device. The fluid flows between these
two openings. The direction of flow 1s indicated by an arrow.

A compound to be concentrated, eluted or extracted 1s
introduced into the device through the inlet 14 in the fluid
which 1s then run through the polymeric monolith 18. The
extraction or elution of compounds 1s monitored by any
suitable means for detection of said compounds at the
detection point 20. The means for detection can be any
suitable technique known 1n the art for these purposes, such
as for example, a laser, induced fluorescence,
chemiluminescence, radioactivity, UV spectroscopy, and
any other such detection method.

In alternative, the monolith 1s used as a mixer. The
microfluidic device comprising a monolithic mixer 1s 1llus-
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trated 1n FIGS. 1B-1D wherein FIG. 1B 1s a schematic
representation of the mixer layout within the device 30

showing two microchannels 32 and 34, mixing arca 36, two
inlets 38 and 39 and outlet 40. FIG. 1C 1s a magnified view

of two microchannels 32 and 34 and the mixing areca 36 and
FIG. 1D shows a position of the photo mask 42 used for the
selective 1n situ polymerization of the monolithic mixer.

The fluids to be mixed are mtroduced mto the microchan-
nels 32 and 34 which may or may not be filed with the
monoliths through inlets 38 and 39, run through these
microchannels mto the mixing area 36, where they are
mixed and the mixed solution 1s collected at the outlet
opening 40. The mixing area contains a monolith having
appropriate mixing properties.

The size, length, width, depth and shape of the device
and/or microchannel are variable and depend on the
intended use and function of the device.

II. Design and Function of Microfluidic Devices

Maicrofluidic devices of the invention are designed accord-
ing to their intended function.

The microfluidic device according to the invention com-
prise at least an inert substrate, with a single or multiple
microfluidic channels and a porous polymeric monolith.

A. Inert Substrate

A supporting structure of the device 1s typically a block
made of an 1nert solid substrate. Such 1nert solid substrate
may be any material which does not react with compounds
used for preparation of the polymeric monoliths and com-
pounds used 1n the concentrating, extracting or mixing steps.
Examples of these materials are fused silica, glass, quartz or
plastic.

B. Microchannels

The microchannels are miniaturized grooves or channels
contoured 1nto the inert material of a substrate. Microchan-
nels are generated mechanically or chemically by engraving,
milling, cutting, etching, embossing or contouring 1nto a
surface of the inert substrate.

Sizes and dimensions of microchannels are variable and
may have any length, width and depth which 1s suitable for
their intended use.

The microchannel can be straight, serpentine, circular or
have any other geometry and is typically from about 1 to
about 200, preferably about 100 um wide, and from about 10
to about 70, preferably 60 um deep, depending on the
intended use of the device.

The microchannel 1s fully or partially filled with a porous
polymeric monolith.

C. Polymeric Monolith

A polymeric monolith deposited within the microchannel
1s a porous material which permits fluid to flow through its
pores.

1. Polymerization Mixtures

The polymeric monolith 1s made of monomers present 1n
a mixture which 1s suitable for in situ polymerization
resulting in formation of such porous monolithic polymer.
Such mixture comprises, for example, a monomer or a
mixture of monomers, solvent or a mixture of solvents and
an 1nitiator.

Typically, the polymeric monolith comprises polymerized
monomer units bearing a hydrophilic group, a precursor of
a hydrophilic group, an ionizable group or a precursor
thereof, a hydrophobic group or a precursor thereof, or their
mixtures. Optionally, the polymeric monolith may also
contain an affinity ligand. Any combination of the above
monomer units 1s 1ntended to be within the scope of the
invention.
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In the porous polymer monoliths which comprise poly-
merized monomers bearing a hydrophilic group or a pre-
cursor to a hydrophilic group, such monomer 1s generally an
acrylate, methacrylate or styrene selected from the group
consisting of 2-hydroxyethyl methacrylate, butyl
methacrylate, 2-hydroxyethyl acrylate, glycidyl
methacrylate, glycidyl acrylate, acetoxystyrene,
chloromethylstyrene, t-butoxycarbonyloxystyrene, and a
combination thereof.

In the porous polymer monoliths which comprise poly-
merized monomer units bearing a hydrophobic group or a
precursor to a hydrophobic group such monomer 1s gener-
ally selected from the group consisting of acrylate esters,
methacrylate esters, acrylate amides, methacrylate amides,
styrene, styrene derivatives, and a combination thereof
wherein the preferred monomers comprising the hydropho-
bic group are alkyl acrylates, alkyl methacrylates, styrenes,
alkylstyrenes or a combination thereof.

In the porous polymer monoliths which comprise poly-
merized monomer units bearing an 1onizable group or a
precursor to the 1onizable group such polymerized monomer
generally contains a functionality such as an amino group, a
carboxylic acid group, a sulfonic and phosphoric acid group
with a preferred 1onizable monomer selected from the group
consisting of acrylic acid, methacrylic acid, itaconic acid,
maleic anhydride, styrene sulfonic acid, 2-acrylamido-2-
methyl-3-propanesulfonic acid, 2-(methacryloxy)
cthylphosphate, acrylic amide of amino acid, methacrylic
amide of amino acid, 2-vinylpyridine, 4-vinylpyridine,
2-(dialkylamino) ethyl acrylate, methacrylate
2-(dialkylamino)ethyl, 2-(morpholino)ethyl acrylate,
2-(morpholino)ethyl methacrylate, [2-(methacryloxy)ethyl
trimethylammonium chloride, [2-(methacryloxy)ethyl
trimethylammonium methylsulfate, and a combination
thereof.

Preferred monomers for fabrication of the monoliths are
acrylates, methacrylates and derivatives thereof.

The porous polymeric monolith additionally comprises a
cross-linking monomer.

The cross-linking monomer 1s a preferably a polyvinyl
monomer selected from the group consisting of a diacrylate,
dimethacrylate, triacrylate, trimethacrylate, diacrylamide,
dimethacrylamide, or a divinylaromatic monomer with pre-
ferred polyvinyl monomers being ethylene diacrylate, eth-
ylene dimethacrylate, trimethylolpropane triacrylate, trim-
cthylolpropane trimethacrylate, methylenebisacrylamide, or
piperidinediacrylamide, divinylbenzene or divinylnaphtha-
lene.

In one preferred embodiment, the porous polymer mono-
lith comprises from about 10 to about 90% of one or more
monovinyl monomers, from about 5 to about 90% of one or
more polyvinyl monomers and from about 0.01 to about 2%
of the mitiator, with respect to the monomers.

The porous polymer monoliths of the invention may
optionally also comprise from about 1 to about 50%, of an
athinity ligand. The ligand 1s either covalently immobilized
within the already formed monolith or 1s added to a poly-
meric mixture before polymerization in a form of a mono-
mer. The ligand may be a biological or a synthetic
compound, wherein the biological affinity ligand 1s selected
from the group consisting of polysaccharides, antibodies,
enzymes, lectins, antigens, cell surface receptors, intracel-
lular receptors, viral coat proteins, DNA, and a mixture
thereof, and wherein the synthetic aflinity ligand 1s selected
from the group consisting of reactive dyes, tannic acid,
gallic acid, iminodiacetic acid, ethylenediaminetriacetic
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acid, mert salt of [2-(methacryloyloxy)ethyl]dimethyl(3-
sulfopropyl)ammonium hydroxide, and a mixture thereof.

2. In situ Polymerization

The monoliths of the invention are fabricated by in situ
initiated polymerization.

In situ polymerization may be any process or procedure
which will effectively polymerize the polymerization mix-
ture 1nto the monolithic structure when such mixture is
deposited within the microchannel. The 1n situ polymeriza-
fion process will produce a porous solid monolith. Such
process may be initiated by heating, redox reaction or
photoinitiation.

The polymerization may be trigegered by locally heating
selected areas of the monolith to effect polymerization or by
UV light 1 a process similar to the standard photolithogra-
phy used for patterning in microelectronics, or by redox
reactions.

Preferred inmitiation 1s achieved via UV i1rradiation. The
photoinitiation permits the use of masks to obtain channels
or regions within the channels filled with a solid polymer.
The use of specifically designed masks also allows the
formation of co-contiguous zones of porous materials with

desired physical and chemical properties in different areas of
the chip.

Polymerization 1s generally 1nitiated by an initiator such
as UV photoinitiator, thermal inmitiator or redox initiator
added to a monomer mixture. The polymerization 1s initiated
under conditions such as the irradiation with ultraviolet
light, admixing of the redox components, such as ammo-
nium peroxodisulfate and N,N,N' N'-tetramethylene-1,2-
cthylenedimanine, or with the heating to a temperature from

about 30° C. to about 120° C.

The imitiator of the in situ polymerization i1s either a
photoinitiator, redox, or thermal initiator. The photoinitiator
1s generally selected from the group consisting of
benzophenone, dimethoxyacetophenone, xXanthone, and
thioxanthone and the photoinitiated polymerization 1s per-
formed by UV 1rradiation of the polymerization mixture
comprising the photoimitiator. The thermal 1nitiator 1s gen-
erally a peroxide, a hydroperoxide, or an azocompound
selected from the group consisting of benzoylperoxide,
potassium peroxodisulfate, ammonium peroxodisulfate,
t-butyl hydroperoxide, azobisisobutyronitrile, and azobi-
sisocyanobutyric acid and the thermally induced polymer-
1zation 1s performed by heating the polymerization mixture
to temperatures between 30° C. and 120° C. The redox
initiator 1s selected from the group consisting of mixtures of
benzoyl peroxide-dimethylaniline, and ammonium
peroxodisulfate-N,N,N',N'-tetramethylene-1,2-
cthylenediamine.

In situ photopolymerization was used for preparation of
polymeric monoliths described above. UV 1nitiators were
added and the polymerization mixtures were exposed to UV
light source, such as, for example, an Oriol deep UV
illumination system (Stratford, Conn.) fitted with a 500 W
HgXe-lamp.

Radiation power of the UV lamp was measured with
different probe heads at wavelengths 254, 260, 280, 310,
365, 400 and 436 nm. At these wavelengths, the UV-lamp
ogenerated radiation power 8.16; 11.15; 2.31, 6.32; 2.83;
3.92; and 2.25 mW/cm?, respectively. In the alternative, the
polymerization mixtures may be exposed to two or more UV
light sources generating cumulatively the intensity within
the range listed above.

The 1n situ photopolymerization carried out as described
herein results 1n a channel containing a macroporous poly-
mer monolith.
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3. Porous Properties of Monoliths

An mmportant feature of the polymeric monolith intended
for the flow-through applications 1s 1ts permeability to fluids.
Such permeability depends on its porous properties.

The porous properties, which effectively control the flow
resistance, of the monolithic device are pore size, distribu-
fion and porosity. These properties are affected by the
composition of the polymerization mixture.

Both the flow resistance of monoliths in HPLC mode and
the flow velocity 1 monolithic CEC columns have been
previously demonstrated to be inversely proportional to the
pore size. Therefore, 1n order to obtain monolithic devices
with the desired flow properties 1t 1s important to control the
porous properties.

The porosity of the monolith can be controlled by chang-
ing the composition and percentage of porogenic solvents in
the polymerization mixture.

Since the pore size of the polymer monolith plays such an
important role, porosity measurement were performed.

Table 1 lists porous properties obtained from mercury
intrusion porosimetry for monoliths prepared from two
different polymerization mixtures.

TABLE 1
Monolith 1 2
Total intrusion 1.28 1.30
volume (mL/g)
Median pore 1.0 10.7
diameter (um)
Porosity (%) 50 50
Back pressure 0.9 0.01

(MPa)

Monolith 1 was prepared from the polymerization mixture
containing 2-hydroxyethyl methacrylate as a monomer, eth-
ylene dimethacrylate as a cross-linking agent, 1-dodecanol
and cyclohexanol as porogenic solvents and 2,2-dimethoxy-
2-phenylacetophenone (DAP) as initiator. Polymerization
fime was s1X minutes.

Monolith 2 was prepared from the polymerization mixture
containing 2-hydroxyethyl methacrylate as a monomer, eth-
ylene dimethacrylate as a cross-linking agent, methanol and
hexane as porogenic solvents and 2,2'-azobisisobutyronitrile

(AIBN) as the initiator.

Back pressure at a flow rate of 1 ul./min was recalculated
to a monolith length of 1 cm.

Results seen 1 Table 1 show that although the median
pore sizes for monoliths 1 and 2, namely 1.0 um {for
monolith 1 and 10.7 um for monolith 2, differ dramatically,
both monoliths have very similar pore volume of 1.3 mL/g
representing a porosity of 50%. The size of pores 1s directly
proportional to the flow resistance. The large pores within
the polymer material minimize the flow resistance, enabling
achievement of high flow rates of up to 10 ul./min without
causing mechanical breakage of the monolith.

The low flow resistance of monolith according to this
invention enables high flow rates of up to 10 ul./min, which
corresponds to a linear tlow velocity of 50 mm/s and far
exceeds the flow velocities typical of the other available
analytical microchips.

The monoliths are formed of solid, rounded, sphere-like
polymeric microglobules clustered together. Each microglo-
bule structure has a diameter of from about 5 to about 20 yum.
Accumulation of these clusters generate the porous polymer
monolith which contains multiple pores of the same or
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variable sizes and shapes. These pores have typically sizes
from about 30 nm to about 20 um, preferably from about 1
um to about 10 um.

According to the present invention, the pore sizes range
depends on the selected polymerization mixture and par-
ticularly on use of the porogenic solvent.

In order to achieve the desired pore structure, polymer-
ization must be performed 1n the presence of porogenic
solvents. The porogenic solvent are essential part of the
polymerization mixtures. Their function 1s first to dissolve
all monomers and the initiator, second to form a homoge-
neous solution and third to control the phase separation
process during polymerization.

Typically, the porogenic solvent 1s water, an organic
solvent or a mixture thereof. The porogenic organic solvent
1s selected from the group consisting of hydrocarbons,
alcohols, ketones, aldehydes, organic acid esters, ethers,
soluble polymer solutions, and mixtures thereof such as
cyclohexanol, 1-dodecanol, methanol, hexane, propanol,
dodecanol, ethylene glycol, butanediol, methyl-t-butylether,
dusopropylketone, butanol ethyl acetate, butyl acetate, poly
(methyl methacrylate), and mixtures thereof.

The solvent 1s typically present in an amount from about

30 vol % to about 80 vol %, with preferred range from about
40 vol % to about 60 vol %.

The preferred porogenic mixture consists of methanol and
hexane.

To test suitability of the porogenic solvents, two mono-
liths were prepared using polymerization mixtures contain-
ing a large percentage of these porogenic solvents. These
monoliths were prepared from monomers suitable for prepa-
ration of ion exchange (IE) and hydrophobic (HI) concen-
trators. Compositions of polymerization mixtures and spe-
cilic surface arcas are shown in Table 2.

TABLE 2

Surface Areas of IE and HI Concentrator Monoliths

Monolith IE HI
EDMA (g) 0.48 0.48
HEMA (g) 0.5857 —
META (g) 0.1541 —
BMA (g) — 0.7191
AIBN (mg) 12 12
Methanol (g) 2.52 2.52
Hexane (g) 1.08 1.08
Pores size 13.2 19.5
(sem)

Pore volume 3.48 3.85
(mL/g)

Surface area 1.3 0.7
(m*/g)

Reaction conditions:
The polymeric mixtures indicated in the Table 2 were UV
irradiated at room temperature for 3 hours;

Ethylene dimethacrylate (EDMA);

2-Hydroxyethyl methacrylate (HEMA);

[ 2-(methacryloyloxy)ethyl [trimethyl ammonium chloride
(META);

Butyl methacrylate (BMA);

Azobisisobutyronitrile (AIBN).

Both IE and HI monoliths listed 1n Table 2 were charac-
terized by very large pores of 13.2 um (IE) and 19.5 ym (HI)
and a pore volume of 3.48 and 3.85 mL/g, respectively, that
provide the monoliths with a low flow resistance and allow
the use of high flow rates.




US 6,887,384 Bl

11

As seen in Table 2, the ion-exchange (IE) concentrator
was prepared from a polymerization mixture comprising,
EDMA, META and HEMA dissolved 1in methanol/hexane
porogenic solvent by polymerization initiated with AIBN.
Since the quaternary ammonium functionality of META 1s a
strong base, the monolith prepared from this mixture exhib-
its properties typical of strong anion exchangers. The addi-
tion of HEMA 1increases the hydrophilicity of the polymer
thus reducing the undesired hydrophobic interactions with
the probe or sample and allows control of the loading of the
monolith with the ionizable repeat units.

The hydrophobic monolith (HI) also seen in Table 2 was
obtained from a polymerization mixture of BMA and EDMA
dissolved again 1n methanol/hexane solvent and AIBN act-
ing as a polymerization initiator. This monomer has definite
hydrophobic properties.

4. Flow-Through Properties of Monoliths

The polymeric monoliths are specifically designed for use
in the flow-through mode. Concentration, extraction or
mixing are processes occurring 1nside of the monolith. The
eficacy of these processes, however, depends on the flow
rate and flow resistance. Therefore, a low resistance as low
as possible 1s an important objective.

All porous monoliths prepared and used herein have
preferably a porosity of 50% or more.

Pumps, such as mechanical pumps described, for example
in Anal. Chem., 73: 504-513 (2001); Anal. Chem., 73:
103-110 (2001); Anal. Chem., 72: 2285-2291 (2000) and
Analyst, 123: 1435-1441 (1998) or electroosmotic flow
(EOF) as described, for example in Anal. Chem., 73:
165-169 (2001) may be conveniently used in these mono-
liths to achieve desired flow rate through the monoliths of
the invention. In this regards, the use of EOF 1s convenient
since 1t does not afford any pressure within the channel.

However, electrically driven flow can only be used with
a limited number of solvents and requires the use of elec-
trolytes with low 1onic strength to avoid excessive genera-
tion of the heat.

III. Fabrication of Microfluidic Device

The devices according to the invention are fabricated as a
solid unit made of an inert substrate material. The substrate
material includes one or several microchannels, depending
on the intended function. These channels are contoured
mechanically or chemically by engraving, milling cutting,
ctching, embossing or using any other suitable technique
which enables formation of the microchannel of the prede-
termined length, width and depth within a surface of the
inert substrate.

A method for fabrication of the polymer monolith of the
invention comprises steps of:

(a) providing an inert solid substrate;

(b) generating a single or multiple microchannels con-
toured 1nto said solid substrate;

(c) forming a polymerization mixture by admixing an
appropriate monomer, a cross-linking monomer, an
nitiator, and a porogenic solvent;

(d) introducing the polymerization mixture into a micro-
channel within a microfluidic device; and

(¢) initiating the in situ polymerization of the mixture,
thereby forming a monolithic polymer within the
microfluidic channel.

IV. Monolithic Concentrators and Mixers

1. Monolithic Concentrators

Using the above described method for fabrication of the

microfluidic device, the monoliths particularly suitable for
concentration (monolithic concentrators) and solid phase
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extraction (SPE monoliths) were prepared. The devices
prepared according to the current invention are better suited
for their concentration or extraction function than the pre-
viously available devices.

Monolithic concentrators are microdevices that concen-
trate highly diluted compounds.

Sample preconcentration 1s a critical operation generally
required for the determination of trace amounts of com-
pounds of interest for which the concentration in the original
solution exceeds the detection limits of the detection
method. This 1s even more 1mportant 1n the case of microi-
luidic device related applications given the very small
volumes of samples that can be handled within the microde-
vice.

In SPE, samples are adsorbed on porous materials with
appropriate chemistry to effect pre-concentration and later
released using a stronger eluent. In addition to the significant
increase 1n concentration of the sample, the use of selective
SPE devices may also eliminate interfering compounds.

One utility for the microchips of the current invention are
microfluidic devices for SPE. The microscale preparation of
porous polymer monoliths that combines well-controlled
porous properties with appropriate surface chemistry using
in situ, preferably UV, initiated polymerization 1s well-suited
for the in situ fabrication of solid phase extraction (SPE)
microdevices.

A method for preparation of these devices 1s simple and
straightforward. Such method leads to porous monoliths
with a number of different surface chemistries. To demon-
strate the monolithic technology 1n the context of solid phase
extraction (SPE), two different types of monoliths, namely
ion-exchange and hydrophobic monoliths, were 1nvesti-
gated. The functionality of these devices was demonstrated
on adsorption and release of small molecules, peptides, and
proteins.

Ion-Exchange Concentrator

The concentrator with 1on-exchange functionalities
adsorbs compounds with the opposite charge. A monolithic
concentrator comprising a monomer mixture containing
META was fabricated by the 1n situ polymerization. The
concentrator was first conditioned using a 1:1 mixture of 0.1
mol/LL HC1 and acetonitrile followed by loading a speciiic
volume of a probe solution. Coumarin 519 (C-519), which
1s a carboxylic acid, was selected as the probe molecule.
Desorption was achieved using a 10 s pulse of a selected salt
solution. A number of salts including sodium chloride,
fluoride, sulfate, and carbonate were tested. Preferred are
sulfate and carbonate 1ons. Particularly preferred 1s sodium
salicylate.

Hydrophobic Concentrators

Hydrophobic concentrators are monoliths prepared from
the mixtures comprising a hydrophobic monomer or a
mixture of hydrophobic monomers, as described above.

Many analytical systems, such as, for example, a microf-
luidic system used 1n protein mapping might make use of a
protein digestion followed by separation of the resulting
peptide fragments and their identification by mass spectros-
copy. Such systems may require preconcentration of a
protein from its dilute solution prior to its enzymatic diges-
fion and a second concentration prior to their injection in the
separation part of the device. Therefore, the enrichment or
concentration of peptide and protein probes using the hydro-
phobic concentrator was 1nvestigated.

The monolith’s performance was demonstrated with the
enrichment of a hydrophobic tetrapeptide.

For these studies, a conjugate of coumarin 519 and the
tetrapeptide phe-gly-phe-gly was adsorbed onto the butyl




US 6,887,384 Bl

13

methacrylate based monolithic concentrator. Since the con-
jugate 1s per se very hydrophobic, complete adsorption was
achieved from its aqueous solution. Results are described 1n
Example 7.

Similar studies were carried out with green fluorescent
protein (GFP) for which an increase in concentration by a
factor as high as 10° was achieved.

Various types ol concentrators which are currently avail-
able were compared. Table 3 shows a comparison of the
capacity of the current concentrator with two concentrators
prepared by other methods.

TABLE 3

Capacity of Concentrators Prepared by Different Methods

Elution
Flow rate volume Capacity

Method Probe (nL/s) (nL) (mol)
Functionalized C-460 0.16 0.48 2.2 x 1071°

channel
Channel cavity  BODIPY 1.2 0.33 2.8 x 107
packed with

beads

Channel with C-519 50 35 1.9 x 1071

monolith

C-519 1s Coumarin 519.
C-460 1s Coumarin 460.
BODIPY 1s 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene.

As seen 1n a comparative Table 3 of two concentrators
prepared by different methods with the concentrator of the
invention, the adsorption capacity for the current device 1s
1.9%107'9, that is 5-6 orders of magnitude larger than that of
open (functionalized) channel of which capacity is 2.2x10~
16 and channel cavity filled with ODS beads where the
capacity is 2.8x10™"> mols.

The current concentrators thus have substantially larger
capacity.
2. Monolithic Mixers

In the second aspect, this invention provides monolithic
mixers which are able to mix two or more fluids.

Such mixing 1s required for success 1n a number of
operations such as sample 1njection, gradient elution, 1n situ
derivatization, and chemical reactions. Therefore, mixers,
mixing devices of the invention, have been developed.
These devices may be conveniently incorporated into the
microfluidic devices of the invention as separate entities 1n
combination, for example, with concentrators or separators.

Monolithic mixers are typically prepared from mixtures
consisting of one or several monomer-crosslinker
combinations, such as, for example, a combination of
HEMA-EDMA. The chemistry and properties of the mixers
may casilly be changed by choosing different monomer
combinations. This ability to prepare micromixers with
surtace properties tuned for mixing in specific environments
1s an i1mportant asset 1n building dedicated microfluidic
systems.

The process used for the preparation of monolithic mate-
rials enables a broad range of variations of their porous
properties and internal morphology and 1s easily amenable
to the microfluidic device format. The porous monoliths
appear to be well suited for the preparation of mixing
microdevices.

10

15

20

25

30

35

40

45

50

55

60

65

14

Mixing behavior of various polymers was also studied.

TABLE 4
Monolith A B C D
2-Hydroxyethyl methacrylate 24 9 6 3
Ethylene dimethacrylate 16 6 4 2
1-Dodecanol 42 41.1 43.5 45.9
Cyclohexanol 18 43.9 46.5 49.1
DAP 1 1 1 1
Reaction time, min 6 20 30 40

The performance of the monolithic mixers A—D prepared
according to Table 4 has been tested by pumping aqueous
solutions of two fluorescent dyes at various flow rates and
monitoring the point at which the boundary of both streams
completely disappeared. Properties, such as porosity,
median pore diameter and back pressure of the monolith A

have been shown in Table 1 as monolith (1).
Results of mixing experiments are seen 1 FIG. 7. FIG. 7

shows a length of the flow path required to achieve complete
mixing in an empty channel (E), and channel containing

porous polymer monoliths (A), (B), (C), and (D). The
dashed line (E_,) represents the length calculated for an
empty channel with a cross section adjusted to 50%.
Results seen 1in FIG. 7 show the mixing performance of
more porous monoliths prepared from polymerization mix-
tures that include 60% to 95% of porogen. While the mixing
length of monolith (B) prepared from a mixture containing
15% monomers is similar to that of monolith (A), monolith
(C) and (D) afford much better mixing. The plots clearly
demonstrate the increased efficiency of mixing over that of
all other monoliths. Best results were achieved with a
monolithic mixer containing very large irregular pores.

V. Complex Microfluidic Devices

Use of the 1n situ polymerization of specifically selected
polymerization mixtures using UV photoinitiation 1s a new
approach developed and described 1n this invention.

The microfluidic devices of the invention are suitable for
concentration, extraction or mixing purposes.

UV 1nitiated polymerization within the channels of a
microfluidic device 1s a simple and versatile approach that
enables a single step preparation of polymeric monoliths
with a wide variety of chemistries and porous properties at
the desired location. This approach enables the design and
preparation of numerous building blocks instrumental for
the development of complex microfluidic systems. These
could be conveniently utilized as building entities 1n more
complex devices permitting analysis and detection of envi-
ronmental or biological samples.

Complex microfluidic devices may contain a variety of
additional functional elements with specific functions. For
example, the device may additionally contain other compo-
nents then concentrator, solid phase extractor or mixer, such
as, for example an enzymatic reactor, or separation column.
Some of these may be made of different polymers mixtures
polymerized 1 situ within the microchannel, said mixtures
having differently defined chemical and/or physical proper-
ties resulting 1n different functionality.

These additional elements could be positioned 1n front of
the microchannel, between two or more elements or sequen-
tially connected to the effluent side of the microchannel. For
example, an SPE element can be introduced between the
reactor and the separation column, thereby permitting accu-
mulation of the products flowing from the reactor into the
SPE unit from which they may be eluted at the desired time
by applying a small volume of an eluent only to the SPE.
Introduction of the polymeric concentrator of the mvention
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before the detection device may, for example, permit detec-
tion of much smaller amounts of an analyte, contaminant or
another chemical entity of which detection was not possible
because the minuscule amounts present 1n the sample. In the
alternative, the device could have two or more microchan-
nels.

Monoliths or microdevices of the invention, as described
above, can be conveniently used in systems enabling detec-
tion of biological materials such as peptides, proteins, DNA,
RNA 1n synthetic or biological fluids or suspensions of cells
Or tissues.

Example 1

Fabrication of Microfluidic Device for Solid Phase
Extraction 1 Ion-Exchange Mode

A simple straight microchannel 100 ym wide, 40 um deep,
and 6 cm long etched 1n a borosilicate glass and covered
with another bonded glass plate was washed with acetone,
water, and filled with 0.2 mol/LL. NaOH for 30 min, washed
with water, filled with 0.2 mol/LL HCI for 30 minutes, washed
again with water and acetone, and dried 1n an oven at a
temperature of 120° C. for 1 hour. The microchannel was
then vinylized by filling the microchannel with a 30%
solution of 3-(trimethoxysilyl)propyl methacrylate in
acetone and allowed to react at room temperature in the
darkness for 24 hours. The vinylized microchannel was then
washed with acetone and dried using a stream of nitrogen.

Polymerization mixture was prepared by dissolving 0.48
g ethylene dimethacrylate, 0.59 ¢ 2-hydroxyethyl
methacrylate, 0.15 g [2-(methacryloyloxy)ethyl Jtrimethyl
ammonium chloride, and 12 mg azobisisobutyronitrile 1n a
mixture of 2.52 ¢ methanol and 1.08 g hexane. All these
compounds are commercially available from Aldrich,
Milwaukee, Wis.

This mixture was purged with nitrogen for 10 min to
remove any oxygen present. The microchannel was com-
pletely filled with the deaerated polymerization mixture
using a pipette and the openings sealed with tape. The
surface of the chip was then covered with a mask that had
an open window allowing a specific section of the micro-
channel to be exposed to the UV light.

The microchannel was then covered with foil except for
the 7 mm long window, and exposed to UV light i a
photoreactor equipped with two 365 nm 8 W UV tubes with
an overall intensity of 1150 4W/cm~ at a distance of 7.6 cm.
The polymerization reaction was allowed to proceed for 3
hours to afford a porous polymer monolith with a pore
diameter of 13.2 um. The temperature 1n the photoreactor
was kept at 20° C. by a continuous flow of pressurized air.

After the polymerization was completed, a 25 um 1.d. and
50 cm long fused silica capillary was attached to the
microchip inlet access hole using epoxy glue. The other end
of this capillary was connected to a programmable micro-
pump and the monolith within the microchannel was washed
at a tlow rate of 0.5 ul./min with methanol to remove all
unreacted components from 1ts pores.

Example 2

Solid Phase Extraction of Small Molecules 1n Ion
Exchange Mode

A 600 umol/L stock solution of Coumarin 519 (Sigma, St.
Louis, Mo.) was prepared by dissolving 8.6 mg of this
compound 1n 50 mL of acetone. The stock solution was then
diluted with deionized water to give a final concentration of
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10 nmol/L.. A 200 uLl. 1njection loop was filled with this

solution and this solution pumped through the 10n-exchange
concentrator of Example 1 at a flow rate of 3 ul./min.

The adsorbed Coumarin 519 was eluted using 10 s long,
pulses of 0.5 mol/L aqueous sodium salicylate at a flow rate
of 203 nL/min to create a peak shown in FIG. 2.

These conditions afford almost complete elution and a
concentration enhancement by a factor of 190. The concen-
frating function of the device was regenerated by washing

the monolith within the microchannel with a 1:1 mixture of
0.1 mol/IL. HCI and acetonitrile.

Release of the Coumarin 519 probe from the concentrator
was monitored by measuring the intensity of fluorescence
and visualized as a peak. The concentration enhancement
was then calculated by dividing the volume of probe solu-
tion used 1n the adsorption step by the volume of the eluted
peak. The peak represents the eluted product of which width
depends on the flow rate.

From the results seen 1n FIG. 2, the total adsorption
capacity is estimated to be at least 2x10™"* mol representing
a volumetric capacity of 6.6x10™> mol/L.

Further increase in capacity may be achieved by using
monoliths containing a higher percentage of META.

Example 3

Microfluidic Device For Solid Phase Extraction 1n
Hydrophobic Interaction Mode

The microfluidic device for solid phase extraction 1n the
hydrophobic interaction mode was prepared using procedure
identical with that of Example 1 except that the polymer-
1zation mixture was prepared by mixing 0.46 g of ethylene
dimethacrylate (Sartomer, Exton, Pa.), 0.72 g butyl
methacrylate, 12 mg azobisisobutyronitrile, 2.52 ¢
methanol, and 1.08 g hexane. After purging with nitrogen, in
situ photopolymerization, and washing using methods
described 1n Example 1, the resulting monolith has a pore
diameter of 19.5 um.

Example 4

Solid Phase Extraction of Small Molecules 1n
Hydrophobic Interaction Mode

Coumarin 519 was dissolved 1n a mixture of 0.8 mol/L
ammonium sulfate and 10 mmol/LL HC1 to form a 10 nmol/L
solution. A 200 uL 1njection loop was filled with this solution
and this solution pumped through the hydrophobic concen-
trator of Example 3 at a flow rate of 3 ul./min.

The absorbed Coumarin 519 was released from the solid
phase extractor using acetonitrile at a flow rate of 115
nl./min. Simple calculation using the elution peak shown in
FIG. 3 reveals an 1650x increase in Coumarin 519 concen-
tration. When the flow rate was raised to 761 or 3000
nl/min, respectively, the concentration enhancement was
substantially decreased.

Table 5 1llustrates an effect of How rate on concentration
enhancement of Coumarin 519 probe using the hydrophobic
concentrator.
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TABLE 5

Effect of Flow-Rate on Enrichment of Coumarin 519

Flow rate
nl./min Concentration enhancement
3000 337
761 905
115 1650

Table 5 shows enrichment of Coumarin 519 eluted from
hydrophobic concentrator. Elution was performed with
acetonitrile at flow rates of 3000, 761 and 115 nl./min.
Results secen 1n Table 5 show that the flow rate has a
significant effect on the extent of the concentration enhance-
ment of the Coumarin probe.

As seen 1n Table 5, while a concentration enhancement of
only 337 times was achieved at a flow rate of 3000 nL./min,
a higher enhancement of 906 times was seen at flow rate 761
nl./min and even higher enhancement of 1650 times was
obtained at a flow rate of 115 nL/min.

Example 5

Solid Phase Extraction of Peptides in Hydrophobic
Interaction Mode

The Coumarin 519-peptide conjugate was prepared by
reaction of 4.5 mg of Coumarin 519 acid chloride with 2.5
mg gly-phe-gly (Sigma, St. Louis, Mo.) in the presence of 10
ul tricthylamine in 3 mL of DMF. This mixture was stirred
at room temperature overnight, and the desired product
recovered by column chromatography. The identity of the
conjugate was verified by mass spectrometry. This conjugate
was dissolved 1n deionized water to achieve a concentration
of 10 nmol/L. Using the loop, 200 uL of this solution were
pumped through the hydrophobic concentrator of Example 3
at a flow rate of 3 ul./min. Elution was achieved with a
continuous flow of acetonitrile at a flow rate of 0.5 ul./min.
According to the elution peak of FIG. 4, the concentration of
the dye-peptide conjugate released using acetonitrile 1s
increased 1320 times.

Results of these studies are seen 1n FIG. 4 which shows
clution of tetrapeptide labeled with Coumarin 519 from
hydrophobic monolithic concentrator. Conditions for load-
ing of Coumarm 519 were: 200 uL. of 10 nmol/L peptide
solution 1n water, flow rate 3 ul./min. Elution was achieved
with continuous flow of acetonitrile at a flow rate of 506
nl/min.

Using this approach, the concentration of the dye-peptide

conjugate released using acetonitrile at a flow rate of 0.5
#l/min increased 1320 times (FIG. 4).

Example 6

Solid Phase Extraction of Peptides in Hydrophobic
Interaction Mode

Using extraction conditions 1dentical to those of Example
5, Coumarin 519-peptide conjugate was adsorbed on the
monolith of Example 3. Elution was achieved with a 30 s
long pulse of acetonitrile that enabled recovery of all probe
molecules and led to a concentration enhancement of 520.

Example 7

Solid Phase Extraction of Protein in Hydrophobic
Interaction Mode

Recombinant green fluorescent protein (GFP) obtained
from Clontech Laboratories, Inc. (Palo Alto, Calif.), con-
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sisting of 238 amino acid residues and having a molecular
welght of 27,000 was dissolved m 0.95 mol/L ammonium
sulfate/8 mmol/LL Tris-HCI buffer pH 8.0 to make a 0.5
mg/mL (18.5 nmol/L) solution. The concentrating ability of
the hydrophobic monolith of Example 3 for this protein was
tested using 200 ul. of the solution that was pumped at a flow
rate of 3 ul./min through the monolith. The protein was
released as shown in FIG. 5 using 1:1 water-acetonitrile
mixture. A sample enrichment of 1002 was achieved at a
flow rate of 0.53 ul/min. When 1lluminated with blue or UV
light, GFP yields a bright green fluorescence. Since GFEP 1s
less hydrophobic, 1ts adsorption was carried out from solu-
tion 1 0.95 mol/L ammonium sulfate in 8 mmol/LL TRIS-
HCl buffer pH 8.0. Once again, 200 uL. of 18.5 nmol/L G.E.P.
solution was pumped through the monolith at a flow rate of
3 ul./min. The protein was released using 1:1 water-

acetonitrile mixture. Results of these studies are seen 1n FIG.
5.

Results show that while a sample enrichment of 355 times

was obtained at a flow rate of 3 uI./min, this value increased
to 756 at 1.03 ul./min and to 1002 at 0.53 ul./min).

FIG. § shows elution pattern of GFP from hydrophobic
monolithic concentrator. Conditions for loading of GFP
were: 200 ulL of 18.5 nmol/L protein solution 1n 8 mmol/L
TRIS-HCI buffer (pH 8) containing 0.95 mol/LL ammonium
sulfate, flow rate 3 ul./min; Elution was achieved with 1:1
acetonitrile-water at a flow rate of 3 (1), 1.03 (2), and 0.53
ul/min (3).

Example 8

Microfluidic Device for Concentration in Affinity
Mode

Benzophenone (1% with respect to monomers) was dis-
solved 1n a polymerization mixture consisting of 24% gly-
cidyl methacrylate, 16% ethylene dimethacrylate, 42%
t-butanol, and 18% cyclohexanol. This mixture was purged
with nitrogen for 10 min to remove oxygen.

The methacryloylated microchip channel was completely
filled with the deaerated polymerization mixture using a
syringe and the openings secaled with tape. The surface of the
chip was then covered with a mask that had an open window
allowing a specific section of the channel to be exposed to
the UV light. The microchip was then covered with foil
except for the 7 mm long window, and exposed to UV light
with a radiation power of 15 mWcm-2 1n a photoreactor. The
polymerization reaction was allowed to proceed for 3 hours

to afford a porous polymer monolith with a pore diameter of
2.02 um.

The athinity ligand was then attached to the pore surface
in the monolith. A 30 mg/mL tannic acid solution 1n water
which pH value was adjusted by dilute HCl to 3.5 was
pumped through this monolith at a flow rate of 10 ul./min for
30 min. Once the reaction of tannic acid was completed, the
residual epoxide groups were quenched by hydrolysis car-
ried out by pumping 0.5 mol/L aqueous sulfuric acid through
the monolith at a room temperature for 5 hours.

Example 9

Solid Phase Extraction of Protein 1n Affinity Mode

Fluorescein isothiocyanate labeled ovalbumin was dis-
solved 1n phosphate buffer pH 7.0 to make a 0.2 mg/mL
solution. The concentrating ability of the affinity monolith of
Example 8 for this protein was tested using 20 ul. of the
solution that was pumped at a flow rate of 10 ul/min
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through the affinity monolith. The protein was released using
20 ul. of an aqueous sodium hydroxide solution pH 10. An
enrichment of 102 was achieved for the fluorescein 1sothio-
cyanate labeled ovalbumin as shown in FIG. 6.

Example 10

In situ Photopolymerization

The monomer mixtures shown in Table 2 were purged
with nitrogen gas for 5 min. The top of the microdevice
shown 1n FIG. 1B was covered with a mask (shown in FIG.
1D). The channels filled with the deaerated polymerization
mixture using a syringe, and the microchip was exposed to
UV-light from an Oriel deep UV 1llumination system series
8700 (Stratford, Conn.) fitted with a 500 W HgXe-lamp. The
radiation power was measured using an OAI Model 354
exposure monitor (Milpitas, Calif.).

After the desired polymerization time elapsed, the device
was aligned between two aluminum plates with the top one
containing holes suitable for the attachment of chromato-
graphic fittings, connected to a syringe pump (model 100
DM, ISCO, Lincoln, Nebr.), and the channels were washed
with methanol for 12 hours at a flow rate of 1 ul./min. The
flow resistance (back pressure) was then measured for flow
rates 1n the range of 0.1-3 ul./min. Finally, the chip was
removed from the holder and fused silica capﬂlarles
(Polymlcro Technologies, Phoenix, Ariz.) were affixed to its
holes using a two-component epoxy glue.

Example 11

Detection of Mixing of the Fluids in the Monolith
Mixer

Mixing of the two fluids in the monolith mixer was
observed in an inverted microscope (Nikon Eclipse TE200)
equipped with a multiband dual FITC-Texas Red epi-
fluorescence filter block and a 4x objective. Solutions of two
fluorescence dyes, 5(6)-carboxyfluorescein (O 050 mmol/L)
and Rhodamine B (0.125 mmol/L), both in 10 mmol/L
borate buffer 1n 3:1 methanol-water, pH=9.2, were pumped
simultaneously through the side channels at equal flow rates
using a double syringe pump (Model 101, kd Scientific, New
Hope, Pa.).

The mixing length was determined visually. Using the
stage, the field observed through the microscope was moved
down the channel to the point at which complete mixing
characterized by a homogeneous orange-brown color all
across the channel was observed. This procedure was
repeated at least two times and the average value was used
as the mixing length. This method 1s reproducible with an
error of less than 0.5 mm.

What 1s claimed 1s:

1. A microfluidic device for extracting, concentrating, or
mixing, comprising a porous polymer monolith portions of
a microchannel formed by a process comprising polymer-
1zing selected areas of a mixture in said microchannel
enabling a fluid flow, said porous polymer having pores of
sizes 1n a range selected from the group of ranges consisting
of: (a) about 10 um to about 20 um and (b) about 30 nm to
about 1 um, and further comprising at least one polymerized
monomer unit bearing a hydrophilic group, a precursor of a
hydrophilic group, an 1onizable group, a precursor of an
ionizable group, an afhinity ligand, or a mixture thereof.

2. The device of claim 1, wherein the porous polymer
monolith 1s a porous organic polymer further comprising
cthylene dimethacrylate.

10

15

20

25

30

35

40

45

50

55

60

65

20

3. The device of claim 1, wherein the porous polymer
monolith comprises polymerized monomer units bearing a
hydrophilic group or a precursor to a hydrophilic group
selected from the group consisting of 2-hydroxyethyl
methacrylate, 2-hydroxyethyl acrylate, glycidyl
methacrylate, glycidyl acrylate, acetoxystyrene,
t-butoxycarbonyloxystyrene, and a combination thereof.

4. The device of claim 1, wherein the porous polymer
monolith comprises polymerized monomer units bearing an
ionizable group selected from the group consisting of acrylic
acid, methacrylic acid, itaconic acid, maleic anhydride,
styrene sulfonic acid, 2-acrylamido-2-methyl-3-
propanesulfonic acid, 2-(methacryloxy)ethylphosphate,
acrylic amide of amino acid, methacrylic amide of amino
acid, 2-vinylpyridine, 4-vinylpyridine, 2-(dialkylamino)
ethyl acrylate, methacrylate 2-(dialkylamino)ethyl,
2-(morpholino)ethyl acrylate, 2-(morpholino)ethyl
methacrylate, [2-(methacryloxy)ethyl]trimethylammonium
chloride, [2-methacryloxy)ethyl]trimethylammonium
methylsulfonate, and a combination thereof.

5. The device of claim 1, wherein the porous polymer
monolith comprises polymerized monomer units bearing a
biological affinity ligand selected from the group consisting
of polysaccharides, antibodies, enzymes, lectins, antigens,
cell surface receptors, intracellular receptors, viral coat
protemns, DNA, and a mixture thereof, or a synthetic affinity
ligand selected from the group consisting of reactive dyes,
tannic acid, gallic acid, iminodiacetic acid, ethylenediamin-
etriacetic acid, inert salt of [2-(methacryloyloxy) ethyl]
dimethyl(3-sulfopropyl)ammonium hydroxide, and a mix-
ture thereof.

6. The device of claim 1, wherein porous polymer mono-
lith comprises from about 10 to about 90% of one or more
monovinyl monomers and about 5 to about 90% of one or
more polyvinyl monomers.

7. The device of claim 1, wherein said microchannel
enabling fluid flow 1s created within a solid support material.

8. The device of claim 7, wherein said solid support
material 1s glass, silica, quartz, or plastic.

9. A method for formation of mixtures of two or more
fluids using device of claim 1.

10. A method for concentration or extraction of com-
pounds from their solutions using device of claim 1.

11. The device of claim 1 wherein said porous polymer
has at least 50% porosity.

12. A method for fabricating a microfluidic device suit-
able for extraction, concentration, or mixing, said method
comprising steps:

(a) providing an inert solid substrate;

(b) generating a single or multiple microchannels con-
toured 1nto said solid substrate;

(¢) forming a polymerization mixture by admixing a
monovinyl monomer, a cross-linking monomer, an
initiator, and a porogenic solvent;

(d) introducing the polymerization mixture, with suffi-
cient porogen to form pores in a range of either (i)
about 30 nm to about 1 um or (i1) about 10 um to about
20 um, mto a microchannel within a microfluidic
device; and

(¢) initiating the in situ polymerization of the mixture by
means ol exposing to initiator only selected portions of
the mixture, thereby forming a monolithic polymer
within portions of the microfluidic channel.

13. The method of claim 12, wherein the monomer

comprises a hydrophilic group, a precursor of a hydrophilic
ogroup, an 1onizable group, or a hydrophobic group selected



US 6,887,384 Bl

21

from the group consisting of acrylate esters, methacrylate
esters, acrylate amides, methacrylate amides, styrene, sty-
rene derivatives, and a combination thereof.

14. The method of claim 13, wherein the monomer
comprises a hydrophilic group or a precursor to a hydro-
philic group selected from the group consisting of
2-hydroxyethyl methacrylate, 2-hydroxyethyl acrylate, gly-
cidyl methacrylate, glycidyl acrylate, acetoxystyrene,
t-butoxycarbonyloxystyrene, and a combination thereof.

15. The method of claim 13, wherein the monomer
comprises a hydrophobic group selected from the group
consisting of alkyl acrylate, alkyl methacrylate, styrene,
alkylstyrenes, and a combination thereof.

16. The method of claim 13, wherein the 1oni1zable mono-
mer COmprises an amino group, a carboxylic acid group, a
sulfonic or phosphonic acid group.

17. The method of claim 16, wherein the 1oni1zable mono-
mer 15 selected from the group consisting of acrylic acid,
methacrylic acid, itaconic acid, maleic anhydride, styrene
sulfonic acid, 2-acrylamido-2-methyl-3-propanesulionic
acid, 2-(methacryloxy)ethylphosphate, acrylic amide of
amino acid, methacrylic amide of amino acid,
2-vinylpyridine, 4-vinylpyridine, 2-(dialkylamino)ethyl
acrylate, methacrylate, [2-(dialkylamino)ethyl]2-
(morpholino)ethyl acrylate, 2-morpholino)ethyl
methacrylate, |[2-(methacryloxy)ethyl [trimethylammonium
chloride, [2-methacryloxy)ethyl]trimethylammonium
methylsulfate, and a combination thereof.

18. The method of claim 13 additionally comprising an
athinity ligand.

19. The method of claim 18, wherein the affinity ligand 1s
a biologic or synthetic compound.

20. The method of claim 19, wheremn the biological
athinity ligand 1s selected from the group consisting of
polysaccharides, antibodies, enzymes, lectins, antigens, cell
surface receptors, intracellular receptors, viral coat proteins,
DNA, and a mixture thereof.

21. The method of claim 19, wherein the synthetic atfinity
ligand 1s selected from the group consisting of reactive dyes,
tannic acid, gallic acid, iminodiacetic acid, ethylenediamin-
etriacetic acid, inert salt of [2-(methacryloyloxy) ethyl]
dimethyl(3-sulfopropyl)ammonium hydroxide, and a mix-
ture thereof.

22. The method of claim 12, wherein the cross-linking
monomer 1s a polyvinyl monomer.

23. The method of claim 22, wherein the polyvinyl
monomer 1s a diacrylate, dimethacrylate, triacrylate,
trimethacrylate, diacrylamide, dimethacrylate, or a diviny-
laromatic monomer.

24. The method of claim 23, wherein the polyvinyl
monomer 15 ethylene diacrylate, ethylene dimethacrylate,
trimethylolpropane triacrylate, trimethylolpropane
trimethacrylate, methylenebisacrylamide, or piperidinedia-
crylamide.

25. The method of claim 23 wherein the polyvinyl mono-
mer 1s divinylbenzene or divinylnaphthalene.

26. The method of claim 12, wherein said initiator 1s
photoinitiator, redox, or thermal 1nitiator.

27. The method of claim 26, wherein said photoinitiator
1s selected from the group consisting of benzophenone,
dimethoxyacetophenone, xanthone, and thioxanthone.
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28. The method of claim 26, wherein said thermal initiator
1s a peroxide, a hydroperoxide, or an azo compound.

29. The method of claim 28, wherein said thermal initiator
1s selected from the group consisting of benzoylperoxide,
potassium peroxodisulfate, ammonium peroxodisuliate,
t-butyl hydroperoxide, azobisobutyronitrile, and azobisiso-
cyanobutyric acid.

30. The method of claim 26, wherein said redox initiator
1s selected from the group consisting of mixtures of benzoyl
peroxide-dimethylaniline, and ammonium peroxodisulfate-
N,N,N'N'-tetramethylene-1,2-ethylenedimanine.

31. The method of claim 12, wherein said porogenic
solvent 1s water or an organic solvent or a mixture thereof.

32. The method of claim 31, wherein said porogenic
solvent 1s water.

33. The method of claim 31, wherein said porogenic
solvent 1s an organic solvent selected from the group con-
sisting of hydrocarbons, alcohols, ketons, aldehydes,

organic acid esters, soluble polymer solutions, and mixtures
thereof.

34. The method of claim 33, wherein said porogenic
solvent 1s selected from the group consisting of
cyclohexanol, 1-dodecanol, methanol, hexane, propanol,
dodecanol, ethylene glycol, butanediol, methyl-t-butylether,
dusopropylketone, butanal ethyl acetate, butyl acetate, poly
(methyl methacrylate), and mixture thereof.

35. The method of claim 31 wherein the solvent 1s present
in an amount about 30 vol % to about 80 vol %.

36. The method of claim 35 wherein the solvent 1s present
in an amount from about 40 vol % to about 60 vol %.

37. The method of claim 12, wherein the 1nitiating step 1s
achieved by 1rradiation, admixing of redox components, or
heating.

38. The method of claim 37, wherein the irradiation 1s
irradiation with ultraviolet light.

39. The method of claim 37 wherein the redox compo-
nents are ammonium peroxodisulfate and N,N,N',N'-
tetramethylene-1,2-ethylenedimanine.

40. The method of claim 37, wherein the heating 1s
performed at a temperature from about 30° C. to about 120°
C.

41. A method for concentrating a composition 1n a microf-
luidic device, comprising;

(a) providing and inert solid substrate having a micro-
channel wherein portions of the microchannel has a
fluid path passing through pores defined by microglo-
bules 1n a crosslinked polymer monolith formed from
an acrylate, methacrylate or styrene monomer and
formed by a process comprising polymerizing selected
arcas of a mixture 1n said microchannel crosslinked
with a polyvinyl monomer;

(b) passing a first fluid containing the composition to be
concentrated through the polymer monolith so that the
composition 1s absorbed onto the microglobules; and

(c) passing a second fluid through the polymer monolith

whereby the composition 1s eluted as a single fraction.

42. The method of claim 41 wherein the second fluid for

clution comprises a material selected from the group con-

sisting of: sodium salicylate, acetonitrile and other sodium
salt solution.
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